Abstract-HD-VideoBench is a benchmark devoted to
I. INTRODUCTION
Video applications are becoming a very important workload in multiple computing environments, ranging from mobile media players to Internet servers. In order to deliver the increasing levels of quality and compression efficiency that new multimedia applications are demanding, in the recent years a new generation of video coding standards have been defined [1] , [2] . Furthermore, the trend towards high quality video systems has pushed the adoption of High Definition (HD) digital video [3] . The combination of the complexity of new video Codecs and the higher quality of HD systems has resulted in an important increase in the computational requirements of the emerging video applications [4] , [5] , [6] . As a result, new architectures are being proposed with the objective of delivering the required performance of HD video applications [7] , [8] . The design and evaluation of these architectures requires a representative benchmark with a well defined operation environment.
Although there are several multimedia benchmarks, such as Mediabench [9] , Berkeley Multimedia Workload [10] or EEMBC [11] , none of them fulfills all the requirements for a complete HD video benchmark. Some of them use the reference versions of the applications that were written with the purpose of validating the standards but not for high performance. Furthermore, these reference codes usually do not include machine specific optimizations like SIMD instructions. Additionally, most of the existing benchmarks focus on the MPEG-2 (or MPEG-4 at the most), but only a few of them include recent video Codecs like H.264 that incorporates the most recent techniques in video compression technology. Even in the case of including H.264, none of them addresses HD applications, which requires a particular and careful selection of the coding options and input sequences that, in turn, results in different computational and memory requirements.
In this document, we present HD-VideoBench, a benchmark devoted to HD video processing in which all the applications were carefully selected taken into account their representativeness of the video application domain, the availability of high performance optimizations, the portability and quality of the code and the distribution under a free license. This paper is organized as follows. Section II describes the desired conditions in a benchmark for HD video applications and overviews the existing benchmarks for multimedia. Next, Section III presents the set of video encoders and decoders selected for HD-VideoBench, Section IV shows the configuration parameters and input sets, and Section V describes the installation and running instructions. Section VI provides some experimental results in terms of coding efficiency and execution time. Finally, Section VII summarizes the main conclusions and guidelines for future work.
II. RELATED WORK

A. Benchmarking Video Codecs
The performance of a video Codec is a function of the available video coding tools (the coding algorithm itself), the actual implementation of these algorithms, the characteristics of the input sequences, and the architecture in which the Codec is implemented. Based on that, we believe that in order to make a comprehensive analysis of video applications, a video Codec benchmark have to meet the following conditions: First, the benchmark should include complete applications (not only kernels) that implement all the features defined in the standard for a given application domain. Second, the benchmarks have to be optimized for high performance. The implementations of the video standards that are designed with verification purposes could produce misleading results in complexity or architecture evaluations. Optimizations can be platform independent (like fast algorithms for motion compensation) and platform dependent (like SIMD optimizations). Third, a complete set of inputs with different resolution, motion characteristics and spatial details have to be provided. Having only one sequence can lead to confusing results in performance evaluations. Fourth, a detailed list of the coding parameters have to be provided. Those parameters have to be tuned for the resolutions under study because the performance of the Codecs could change dramatically depending on the selected coding options. Fifth, the programs should be free (as in freedom) in order to be able to access the source code, analyze it, perform changes, and be able to distribute them. The same apply for the input sequences. Sixth, the code has to be easy to port between different processor architectures, compilers and operating systems. Finally, the programs must be representative enough of real life multimedia applications, for example as part of multimedia players used in desktop operating systems. The desired characteristics for a video benchmark can be summarized as follows:
• The benchmarks should be complete applications and implement all the features defined in the standards.
• The Codecs should be optimized for high performance.
• A complete set of input sequences must be provided.
• A detailed description of the coding parameters must be provided.
• Programs and input sequences need to be free.
• The code must be portable.
• Programs must be representative of the multimedia application domain. Table I provides a summary of the existing benchmarks for multimedia. Only the applications related to video processing are detailed.
B. Multimedia Benchmarks
Mediabench [9] is the most popular multimedia benchmark. For the video domain it includes a MPEG-2 encoder and decoder based on the implementation of the MPEG Software Simulation Group (MSSG) with short input videos in low resolution (352x240 pixels). The MSSG Codec does not implement SIMD optimizations and, in general, it has low performance. An extension of the Mediabench called Mediabench+ [12] tried to solve the limitations of Mediabench by including MPEG-4 and H.263 video Codecs, but they selected the reference implementations (MoMusys and Telenor respectively) and they do not address high definition. Recently, a new version of the Mediabench (called Mediabench II [13] ) has been released in which more video Codec applications have been added: it includes Codecs for MPEG-2, MPEG-4, H.263 and H.264. The MPEG-2 Codec is the same MSSG implementation, the MPEG-4 is taken from the FFmpeg Codec library, the H.263 Codec is the Telenor implementation, and the H.264 is taken from the reference software (called JM). The main problem with this selection is the combination of reference implementations for some of the Codecs (MSSG for MPEG-2 and JM for H.264) with highly optimized version for others (FFmpeg for MPEG-4). On the other hand, although they have increased the resolution compared to the original Mediabench, they do not address HD applications and remains on Standard Resolution (SD). Additionally, Mediabench II provides only one short input sequence (10 frames) and the coding options are not tuned for HD applications.
The Berkeley Multimedia Workload [10] solved the problem of the low resolution of the input sequences by including [14] is a set of applications representative of modern video Codecs, but they are not complete video Codec applications. The Codecs seems to be similar to H.264 but the details of the Codec, its sources, the coding parameters, and input sequences are not publicly available.
Thus, none of the available benchmarks for multimedia includes all the desired characteristics for a complete benchmark for emerging video Codec applications and for HD environments. HD-VideoBench try to solve all the before mentioned limitations by providing different a set of different video Codec applications optimized for high performance, and providing a complete set of input sequences and coding options tuned for HD applications.
III. THE HD-VIDEOBENCH APPLICATIONS
In this section, a description of the applications included in HD-VideoBench is provided. A description of the reference implementations of the video standards is included for comparison purposes. Table II 3) Libmpeg2: Although FFmpeg includes a MPEG-2 decoder, there is another library called Libmpeg2 [17] that is faster than the FFmpeg implementation. Libmpeg2 is a free library for decoding MPEG-2 and MPEG-1 video streams. It is highly optimized for high performance and include SIMD optimization of the motion compensation and inverse cosine transform routines. Due to its high performance, Libmpeg2 is a very popular Codec used in many free multimedia players, such as MPlayer, Xine and VideoLAN.
B. MPEG-4 benchmarks 1) Reference code:
An ISO reference code of the MPEG-4 video coding standard exists, but it is not convenient for benchmarking due to the same performance reasons mentioned before for other reference implementations.
2) Xvid: Xvid [18] is a free implementation of the MPEG-4 video coding standard that supports the MPEG-4 Advanced Simple Profile (ASP). It has algorithmic optimizations for motion estimation and SIMD optimizations of the most complex kernels. FFmpeg also includes a MPEG-4 encoder that has a similar performance than Xvid, but Xvid provides a higher coding efficiency. Xvid is part of other multimedia benchmarks like EEMBC and Berkeley Multimedia Workload, and it is widely used in free multimedia players and transcoder applications. [19] is the reference Codec of the H.264 standardization bodies. It is designed for describing and verifying the standard, and it exhibits very low performance; in fact, it is at least one order of magnitude slower than other FFmpeg implementation [20] . Although being included in Mediabench II, it is not recommended for performance evaluations.
C. H264 benchmarks 1) JM Reference Codec: Joint Model (JM)
2) X264 encoder: x264 [21] is a free H.264 encoder. It implements most of the standard features and has a lot of algorithmic optimizations for motion estimation, SIMD optimizations, and allows parallel encoding at slice and frame levels. It is widely used in free encoding applications like MEncoder, GordianKnot and VideoLAN.
3) FFmpeg H.264 decoder: FFmpeg includes a H.264 decoder that implements most of the features of the standard. The code is very optimized and include SIMD instructions for the most time consuming kernels. It is widely used in free multimedia players.
IV. HD-VIDEOBENCH INPUT SEQUENCES AND CODING OPTIONS
We have selected three resolutions that are useful for performance analysis in HD video: DVD (720x576), HD-720 (1280x720) and HD-1088 (1920x1088). The original sequences are available from TU Munchen [22] and were taken with a Sony HDW-F900 digital camera at 1920x1080 pixels resolution, 25 frames per second, progressive scan, and using a 4:2:0 chroma subsampling scheme. Table III summarizes the main characteristics of the input sequences.
The rate control mechanism used by the encoders is based on one-pass constant quality (QP) variable bit rate scheme. We do not use multiple pass or constant bit rate mechanisms because HD-VideoBench is for benchmarking the video Codecs, not the rate control algorithms. The equivalence between the quantization parameter of MPEG-2/-4 and H.264 has derived empirically (see Equation 1 ).
The selected sequence of frames is I-P-B-B. Adaptive placement of B frames is disabled. The only intra frame is the first one. The Motion estimation algorithms used are EPZS (Enhanced Predictive Zonal Search) [23] for MPEG-2 and MPEG-4 and hexagonal search [24] for H.264.
V. RUNNING HD-VIDEOBENCH
At the HD-VideoBench web page 1 , we provide a complete description of the benchmark, a link for downloading the source code and input sequences, and a script for automating the installation and execution processes. Furthermore, in order to provide a single front end to execute all the video Codecs, we have selected the MPlayer multimedia application. MPlayer is a free media player that includes support for multiple video Codecs by using FFmpeg, libmpeg2, Xvid and other multimedia libraries. MEncoder is a companion application of MPlayer that can encode audio and video in multiple formats. MPlayer simplifies the process of installing and running multiple video libraries because MPlayer selects the appropriate Codec and uses it to encode or decode the input video. By default, we have disabled the output of the video to the screen because we are interested in benchmarking the video Codecs not the displaying process. Table IV presents a summary of the commands for running the HD-VideoBench applications.
1 http://people.ac.upc.edu/alvarez/hdvideobench
VI. HD-VIDEOBENCH PERFORMANCE ANALYSIS
The most important metric for analyzing a video Codec is its ability to compress video efficiently with good quality. Table V shows the resultant quality (in terms of the Peak Signal to Noise Ratio PSNR) and the bitrate of the resultant compressed video (in Kbits per second). All the videos have almost the same quality because they have been coded with a constant quantization parameter. At this equal quality, and taken MPEG-2 as the baseline, the MPEG-4 Codec achieves, on average for the four input sequences, a 39,4%, 36,7% and 34,1% compression gains at the 576p25, 720p25 and 1088p25 resolution respectively. H.264 results in bigger compression ratios 48,2%, 49,5% and 51,8% compared to MPEG-2, and 19,9%, 19,4% and 26,4% compared to MPEG-4 for the three resolutions respectively.
The coding capabilities of each video Codec are directly related to their computational complexity. Figure 1 shows the execution time of all the applications for all the sequences and for all the resolutions under study. We have evaluated two versions of each benchmark: a scalar version (plain C code) and a version which includes SIMD optimizations. The results were collected in an Intel IA32 Xeon processor at 2.4 GHz with 512KB of L2 cache with five runs of each application. The benchmark was compiled with gcc-4.1.1 under Fedora Core Linux 5 with kernel 2.6.17. The decoding time is expressed in terms of frames per second. The value of 25 frames per second is showed as an indication of the performance required for real time execution. Figure 1(a) shows the decoding performance of the three Codecs for the scalar version. In the case of MPEG-2, the performance without SIMD optimization allows for real time decoding at the 576p25 (88 fps) and 720p25 (43 fps) resolutions, but in the case of 1088p25 is below the real time limit (19 fps). For the MPEG-4 case it is not possible to achieve real time for the 1088p25 resolution (9 fps), and for H.264 it is not possible at 720p25 (18 fps) and 1088p25 (8 fps) resolutions. With SIMD optimizations (Figure1(b) ) the decoding process achieves an average 2.13X, 1,88X and 1,55X speed-up for the MPEG-2, MPEG4, and H.264 applications. This allows 1088p25 MPEG-2 (41 fps) and 720p25 H.264 (28 fps) resolutions to achieve real time operation. HD MPEG-4 and H.264 however maintain below the real time limit (19 and 13 fps respectively). Figure 1(c) show the encoding performance for the scalar version. Without SIMD optimizations all the three Codecs encode less than 25 frames per second. For 1088p25 resolution the resultant performance is 3.8, 0.5 and 0.3 fps for MPEG-2, MPEG-4 and H.264 respectively. With SIMD optimizations the applications obtain speed-ups of 2.46X, 2,42X and 2,31X for MPEG-2, MPEG-4 and H.264 respectively. With these optimizations the MPEG-2 encoder is able to perform at real time for the lower resolution (576p25), for the 720p25 and the 1088p25 resolutions the average frame rate is 22.4 and 9.8 fps respectively. For MPEG-4 and H.264, the coding rate is below ten frames per second for all the resolutions; for the For a more detailed performance evaluation of the HD-VideoBench applications with a special emphasis in H.264 see Alvarez et al [20] .
VII. CONCLUSIONS
We have presented HD-VideoBench, a benchmark devoted to video coding applications and specialized for High Definition. After a careful examination of existing benchmarks for multimedia applications, we have found that none of them have all the required characteristics for a complete benchmark for HD video coding. Some of them do not include recent video Codecs, others have only low resolution inputs, others include reference versions of the Codecs that do not have been optimized for high performance, and others are not publicly available restricting the use and examination of the source code, input videos and coding options.
In HD-VideoBench, we solve these problems by providing a key selection of applications for video processing. HD-VideoBench includes Codecs for MPEG-2, MPEG-4 and H.264 standards based on open source implementations that have been extensively optimized for high performance. These applications are part of real life programs used in desktop operating systems for coding, transcoding and playing multimedia content. By using this kind of applications, we are ensuring the representativeness of the benchmark and, at the same time, by selecting open source implementations, we allow the researchers to have full access to the source code in order to perform analysis and further optimizations. Additionally, we have carefully selected a set of input sequences at HD resolution with different motion and spatial details. We have also analyzed and provided the coding options that are best suited for HD applications. As a result, HD-VideoBench has all the required characteristics for detailed benchmarking of HD digital video applications.
Initial performance results show that the processing of High Definition digital video with emerging video Codecs require an important increase in the performance provided by the architectures, more than it can be provided with SIMD optimizations. Enhancing the performance of these applications would require the efficient exploitation of multiple levels of parallelism like data, function and thread level parallelism.
Currently, we are working on extending HD-VideoBench by including parallel versions of the video Codecs for multiprocessor architectures, specially for emerging chip multiprocessing architectures. Additionally, we are also planning to include new video Codecs like VC-1, and Motion-JPEG-2000. 
